Recent studies suggest that, in the presence of heart failure, the capability of skeletal muscle to utilize delivered flow may be impaired due to maldistribution of blood flow within working muscle. Similarly, this mechanism could explain the failure of drugs to improve maximal oxygen consumption (VO2max) immediately. Accordingly, we assessed muscular blood flow distribution (ml/min/g, radioactive microspheres, 15 + 5 gm) among and within working muscle, V02max, and arterial lactate in a rat preparation of myocardial infarction and heart failure (infarct size 36.0 ± 3.3% of the left ventricle, n = 9), and in sham-operated animals (n = 1 1). Data were obtained at maximal treadmill exercise during alternate infusions of milrinone and saline. Total skeletal muscle blood flow during exercise was significantly lower in the infarction group (p < .05 vs sham); reduced blood flow was primarily attributed to decreased flow to oxidative working muscle such as soleus and the red portion of gastrocnemius, whereas blood flow to glycolytic muscle portions (e.g., gastrocnemius white, vastus lateralis white) was similar in the infarction and sham-operated groups. Milrinone increased flow to the glycolytic working muscle portions in sham-operated animals (e.g., vastus lateralis white, 0.23 vs 0.29, p < .05); by contrast, blood flow to the oxidative muscle fibers was increased in the infarction group (e.g., gastrocnemius red, 1.45 vs 1.87, p < .05). Arterial lactate levels at similar workloads during exercise were higher in the infarction group (p < .05). Neither lactate nor VO2max were significantly altered with milrinone in either group. We conclude that (1) skeletal muscle underperfusion in heart failure emerges predominantly in oxidative working muscle and therefore early recruitment of glycolytic fibers may increase lactate levels in the early stages of exercise, (2) significant blood flow redistribution (e.g., that induced by drugs) within working muscle may be present without changes in total muscular blood flow, and (3) milrinone increased blood flow to glycolytic fibers in sham-operated animals, suggesting functional shunt, but caused possibly beneficial redistribution of blood flow to more oxidative working muscle in the presence of heart failure.
Moreover, reduced muscle arteriovenous pressure gradient may contribute to skeletal muscle underperfusion. 3 Abnormally elevated blood lactate levels during exericise5 and the elevated ratio of inorganic phosphate and phosphocreatine (as determined by magnetic resonance spectroscopy)6 indicate that abnormal skeletal muscle metabolism may exist in patients with heart failure that cannot simply be explained by decreased muscle blood flow. One possibility is that skeletal muscle cannot efficiently utilize delivered flow due to maldistribution of flow within working muscle related to alterations of local vasomotor responsiveness. 7 Similarly, maldistribution of increased cardiac output has been proposed as a mechanism of the failure of vasodilators to improve maximum oxygen consumption (V02max) immediately in patients with cardiac failure,8 although this issue has never been elaborated upon any further in detail.
In a series of elegant studies, Armstrong and LaughlinW"-1 have delineated the regional distribution of blood flow within individual and among muscles during slow and prolonged exercise and after training in the normal rat by use of the microsphere technique. However, there are no data on muscular blood flow distribution either in the presence ofheart failure and/or after pharmacologic intervention with vasodilators and/or positive inotropes. In contrast to man, the fibertype distribution in the rat follows a distinctive topography12 that allows determination of flow to different muscle fiber types. Accordingly, the present study was designed to investigate the muscular blood flow pattern among and within skeletal muscle in a rat preparation of cardiac failure. Furthermore, we sought to examine the effect of milrinone on the intramuscular distribution of blood flow in rats with and without chronic heart failure. This agent was chosen because recent studies have demonstrated potent vasodilator activity of milrinone both in the rat13 and in patients with congestive heart failure'4' 15 besides its positive inotropic action.
Methods
Experimental preparations. Infarction was produced by left coronary arterial ligation, as described previously,16 using a modification of the method of MacLean et al. 17 In male Sprague-Dawley rats the left coronary artery was ligated approximately 2 mm from its origin with a 6-0 suture. In the sham-operated animals, the suture was tied loosely so as not to obstruct coronary flow. With this method, the 24 hr mortality rate was 40% for the infarction group and 5% for the sham-operated group. Subsequent experimental procedures were started 21 days after surgery. During this postsurgical period, the mortality rate in the infarction group was approximately 15%. Instrumentation. Animals were anesthetized with halothane (1% in oxygen) and catheters (PE 50) were inserted into the right jugular vein, tail artery, and left ventricle; the latter was monitored by pressure wave detection (Statham P231D pressure transducers) on a recorder screen (Siemens Elema, Mingograf).
Animals were allowed to recover from anesthesia for a minimum of 3 hr before experimental procedures were initiated. This recovery period has been found to be of sufficient duration to ensure a return to steady-state conditions in the rat.18
Regional blood flow measurements. Radioactive microspheres (46Sc, 95Nb, 14Ce, '03Ru, New England Nuclear, Dreieich, West Germany), 15 + 5 ,um in diameter, were used to measure regional blood flow according to the reference sample technique23 as adapted for use in the rat.'9' 20 A detailed presentation of the radioactive microsphere technique as used in this study has been previously described. 16 ' 18 In brief, the microsphere suspension was thoroughly mixed by agitation and sonication (Branson Sonifier B-30, Danbury, CT) immediately before each injection. Approximately 250.000 microspheres (0.5 ml) were then injected into the left ventricle over a 15 sec period, followed immediately by a 0.5 ml heparinized saline flush over a 15 sec period. To obtain the reference sample, arterial blood was withdrawn (beginning 15 sec before and continuing over 1.5 min during the injection of microspheres) via the tail artery at a rate of 0.35 ml/min with the use of a Harvard constant flow pump (model 906). Immediately before withdrawal of the reference sample 0.15 ml of blood was collected for determination of arterial lactate concentrations. The animals were killed by phenobarbital injection in the ventricle and all samples were immediately plotted, weighed, and transferred to a two-channel Gamma scintillation counter (Kontron 480 AR) for determination of radioactivity levels. A Digital Equipment Professional 350 computer was used to calculate regional blood flow as well as total cardiac output.2' For regions in which total flow was not measured (skin, skeletal muscle, intestines), estimates for each animal were made based on representative samples. The following muscle samples were removed from both the right and left hindlimbs as previously described by Armstrong and Laughlin, 9' 10 with Green's Anatomy of the Rat22 used as a reference for the dissection: soleus, the deep red portion of the gastrocnemius, the superficial white portion of the gastrocnemius, the mixed portion of the gastrocnemius, the tibialis anterior, the deep red portion of vastus lateralis, the superficial white portion of vastus lateralis, and the rectus femoris. To ensure a sufficient number of microspheres per sample (particularly in the heart failure group), we combined tissue from the right and left sides of the muscle samples to obtain accurate blood flow measurements. The lowest numbers of spheres were observed in superficial white portions, ranging approximately from 150 to 300. Adequacy of microsphere mixing in the blood was monitored in each experiment by comparison of the blood flow values to the same muscles from the right and left sides and from the right and left kidney.23 Blood flow to the free wall of the right ventricle was used as a measure of noninfarcted coronary blood flow, since microspheres trapping in noninfarcted left ventricular tissue were not determined separately. Forty-two rats were instrumented as described above. Animals were excluded from the study for the following reasons: catheter problems (n = 3), poor exercise performance (e.g., disturbance by microsphere infusion) (n = 5), evidence of poor mixing of microspheres in left and right muscle portions (n = 4), sudden death of instrumented animals with infarction (n = 2), and small infarcts with almost normal exercise tolerance in animals in the infarction group (n = 8).
Hemodynamics. Tracings from the left ventricular and caudal catheter were used to obtain heart rate, left ventricular peak systolic pressure (LVSP), left ventricular end-diastolic pressure (LVEDP), and mean arterial pressure (MAP) (by electronic integration). Stroke volume was calculated from cardiac output and heart rate. Total vascular resistance was determined from cardiac output and mean arterial pressure data. With the exception of cardiac output, hemodynamic data were collected immediately before the microsphere injection.
Determination of infarct size. The left ventricle and the ventricular septum were separated, weighed, and fixed in 10% formalin and finally cut in eight transverse slices (5 ,um) from apex to base and stained with van Giesson stain and mounted.24
With a planimeter Digital Image Analyzer (Leica), the endocardial and epicardial circumference of the infarcted and noninfarcted portions of the left ventricle were determined. The infarcted mean circumference (mean of epicardial and endocardial circumference) of all eight slices was summed and then expressed as ratio of the summed circumference of the left ventricle. Area measurements of infarct size were not made because these have been shown to underestimate infarct size as a result of resorption of necrotic tissue and subsequent wall thinning24 and late development of compensatory myocardial hypertrophy. 25 V02. VO2max was measured by the flow-through mask technique.26 Room air was drawn through the mask at 4 liters/ min, as controlled by a precision flowmeter (Rota, Wehr, West Germany). A fraction of expired flow (250 ml/min) was drawn through a flowmeter (Model R-1, Applied Electrochemistry, Metek, Pittsburgh) and connected to an oxygen analyzer (N-22M S 3A-unit, Applied Electrochemistry), which was calibrated with room air. Both H20 and CO2 absorbents were imposed in the line before the flowmeter and analyzer. Thus, V02 was calculated by the equation V02 = VE X (FIo2 -FEO2) X (1-Fio2) 1, where VE = expired minute volume; Fio2 = fraction of inspired 02; FEO2 = fraction of expired 2.26
VO2max was marked by a point at which higher physical workload did not result in a further increase in V02.
Experimental protocol. Milrinone (Sterling-Winthrop Laboratories, Guildford, U.K.) was prepared by dissolving 10 mg in 0.5 ml 0.5N lactic acid and diluting to the appropriate concentration with 0.9% saline.
The exercise protocol was performed as described previously.27 Maximal exercise capacity of all animals was determined during progressive treadmill exercise (15, 20, 25 . 50 m/min), with increasing workload every 2 min. Exercise duration averaged 552 + 32 sec for the sham-operated group and 425 + 39 sec for the infarction group and correlated significantly with VO2max determined the following day (r = .81, p < .005).
After a 24 hr recovery period, a PE 50 catheter was placed in the right jugular vein during light anesthesia with halothane. 18 Either milrinone (6 ,ug/kg bolus followed by 2.5 ,g/kg/min) or 0.9% saline were infused first in random order. This dosage has recently been found to increase cardiac output by 25% to 30% in normal rats.13 Ten minutes after starting the infusion of milrinone or saline, VO2max was determined during progressive treadmill exercise. The initial speed of the treadmill was 30% of the maximal exercise capacity (determined the day before) and was increased after 2 min each to 55%, 80%, and 105%. This protocol was applied to ensure similar exercise time for all rats. Muscular blood flow distribution is a function ofboth the running speed and exercise duration/workload.9' 10 The objective of the present study was to compare hemodynamics and muscular blood flow distribution during maximal exercise workload in both groups, and therefore, measurements were made during individual maximal workload as estimated by measurements of V02. In contrast, comparisons between shamoperated and infarction groups during similar workloads would represent measurements during maximal workload for the infarction group but at submaximal exercise workload for the sham-operated rats (or significantly longer exercise duration), and would result in questions that were not subject of the present study being addressed.
The protocol was repeated with the alternate infusion (milrinone or saline) after a recovery period of 3 hr. The selection of animals with infarction was based on a VO2max of less than 70 ml/kg/min, a criterion that has been noted to indicate impaired left ventricular function and large myocardial infarction.27 Eight animals that did not meet this inclusion criterion were excluded from blood flow measurements.
After 24 hr, PE 50 catheters were placed in the left ventricles and caudal arteries of animals under light halothane anesthesia (similar to the day before) and, after recovery, milrinone or saline was again administered in random order as administered the day before and described above. Preliminary sequential exercise tests (without drug intervention), including measurements of regional blood flow and arterial blood gas analysis, did not reveal significant differences (table 1) . These findings are supported by the good reproducibility of arterial lactate levels during repeated maximal exercise in a separate group of both sham-operated rats and animals with infarction (sham-operated 7.4 ± 0.81 vs 7.2 ± 0.75 mmol/liter; infarctions, 6.9 + 0.65 vs 6.7 ± 0.54 mmol/liter). Nevertheless, to further strengthen the protocol and to eliminate errors due to repeated exercise and to preclude any effect due to a fixed-order or drug-related carryover effect, we applied a randomized protocol.
Ten minutes after the drug infusion was started, exercise was begun and measurement of hemodynamics and injection of microspheres were again performed during the last minute of the exercise period. The protocol was repeated with the alternate infusion after a recovery period of 3 hr. During the second exercise period, the injection of microspheres was performed at an identical exercise time and workload. Since the objective of the present study was the comparison of flows during exercise, before and after milrinone, and between sham-operated and infarction groups, blood flow data at rest were not obtained. Therefore, the number of microsphere infusions could be restricted to two and blood loss as a result of obtaining blood reference and lactate samples (0.15 ml) was limited. Blood lactate levels were determined enzymatically as described previously. 28 In a separate group of animals we determined arterial lactate levels (obtained from a catheter in the tail artery) at the end of each stage (15, 20, 25 . . m/min of the standardized protocol); this protocol was repeated after 3 hr. Twentyfour hours later the exercise test was performed again in these animals at workloads of 30%, 55%, 80%, and 105% of VO2max 3 hr after insertion of a second catheter in the left ventricle (similar to the protocol used for the blood flow measurements) and blood was drawn at maximal workload for determination of lactate levels.
Statistical analysis. Results are reported as the mean + SEM. Data were evaluated with analysis of variance. If the F values were significant, the individual comparisons were made by a Student-Newman-Keuls test.29 A p value of less than .05 was considered to indicate a significant difference.
Results
Hemodynamics and blood flow to different organs and muscle fibers in the presence of chronic heart failure during exercise. Hemodynamic and blood flow data obtained in increase, although not statistically significantly so. In the infarction group, milrinone reduced LVEDP (-16%) and systemic vascular resistance (-17%) and increased output (+ 18%), stroke volume (+ 22%), and stroke work ( + 21 %) during exercise significantly. The infusion of milrinone during exercise increased blood flow to the right ventricle in the sham-operated and infarction groups. No other significant changes in regional blood flow per gram of tissue were observed in any of the other tissues investigated (table 3) . Milrinone increased flow to the white portions of the vastus lateralis and gastrocnemius in the sham-operated group. By contrast, blood flow to the red portion of the gastrocnemius and to the soleus was enhanced by milrinone in the infarction group; as a result, blood flow to the soleus was similar in the infarction and shamoperated groups.
Lactate values. In the sham-operated group the arterial lactate concentration during exercise averaged 2.7 ± 0.17 mmol/liter before and 3.00 + 0.24 mmol/liter after drug administration. In the infarction group the values were 4.13 + 0.33 mmol/liter before and 3.94 ± 0.22 mmol/liter after milrinone. The differences Effects of heart failure and milrinone on regional blood flow during exercise (ml/min/g, mean + SEM) Effects of heart failure and milrinone on regional blood flow to individual leg skeletal muscles during exercise (ml/min/g, between pretreatment and posttreatment values in the two groups were not statistically significant. At similar workloads arterial lactate levels were significantly higher in animals with infarction and heart failure (figure 3), indicating an earlier onset of anaerobic metabolism in the heart failure group (similar observations have been reported in patients with heart failure).30' 31 There was no significant difference between maximal lactate values during the standardized protocol and those during the exercise test using the exercise program with stages relative to VO2max (6.9 + 0.65 vs 6.6 ± 0.76 mmol/liter was a major selection criterion for inclusion of animals in the infarction group, and therefore, VO2max was significantly reduced in the infarction group as compared with that in the sham-operated group (p < .005).
Discussion
The major purpose of the present study was to determine the muscular blood flow distribution in the presence of congestive heart failure and to investigate the fibers. This may support the interpretation that the a pharmacologic intervention that has been oxidative capacity of FOG red muscles is reduced in increase skeletal muscle blood flow in this heart failure. In support of this contention there is To this end we used an established rat prepevidence (both in man and animals such as the rat) that 'myocardial infarction and heart failure. 20 32 training increases oxidative capacity of skeletal muscle tudies of Armstrong and Laughlin9' 10 have and that detraining results in a marked decrease in ated that in normal rats the distribution of mitochondrial enzyme activity levels.36 37Thus, heart v both within and among muscles is markedly failure may limit muscular activity in rats and thereby ieous during exercise, both as a function of the lead to reduced oxidative capacity of skeletal muscle.
composition and of the spatial recruitment Alternatively, the reduced blood flow to the FOG fibers f the fibers in the muscles. These data from might simply reflect a given running speed similar to ; rats as well as observations during anesthesia the findings in normal rats,9 since the rats with infarce stimulation33 suggest that skeletal muscle tion tolerated a significantly lower treadmill speed as w during exercise is coupled to the active compared with the sham-operated group. However, this ,ch oxidative (SO) and fast-twitch, oxidativeappears to be unlikely since an early increase in arterial -(FOG) muscles. Data obtained from the lactate values (earlier onset of anaerobic metabolism) g dog and indirectly from studies in man also during exercise over those in sham-operated rats was he view that the arrangement of the vascular observed in the infarction group and skeletal muscle blood supply differ in FOG and SO muscle flow was also lower, consistent with skeletal muscle In contrast to man or the dog, the fiber type underperfusion. This early onset of anaerobic metabon in the rat follows a distinct topogolism suggests that increased recruitment of FG fibers 33 that allows the determination of blood flow emerged in the infarction group, with the consequences s containing, to a large degree, a specific fiber that lactate production increased. This is similar to .ording to results obtained with the method of findings by Saltin and Gollnick38 concerning fiber activation of arterial baroceptors,40 although total peripheral vascular resistance for control and heart failure groups during exercise was similar. Effect of milrinone on muscular blood flow distribution.
The effects of milrinone on central hemodynamics in the heart failure group during exercise included increases in cardiac output and stroke volume and reduction of LVEDP and systemic vascular resistance, consistent with recent observations in patients with congestive heart failure.4' Blood flow to FG fibers was unchanged by milrinone, whereas flow to oxidative working muscle did increase (similar to findings observed after exercise training in normal rats "). In the sham-operated group milrinone did not alter total muscular blood flow during exercise. However, blood flow to muscles with a large percentage of FG fibers increased with milrinone, whereas flow to the oxidative working SO and FOG fibers (for example, red portion of gastrocnemius, figure 2) remained unaffected by milrinone.
Thus, it appears that milrinone did not augment vasodilation caused by metabolic factors in the shamoperated group but increased flow to FG fibers not yet fully activated. As a result VO2max did not rise in the sham-operated group. In the presence of heart failure, however, increased flow to the oxidative fibers within skeletal muscle occurred with milrinone. Muscle blood flow is believed to be controlled by alterations in sympathetic nervous activity, circulating vasoactive agents, local metabolites, and/or local reflexes. During exercise, the overall elevation in sympathetic tone decreases blood flow to less active muscle fibers, whereas flow to active muscles preferentially increases due to the effects of local factors that allow these vascular beds to " escape" the influence of the elevated sympathetic activity. ", 9 In heart failure, reduced skeletal muscle flow during exercise may be in part due to increased sympathetic tone (e.g., that stimulated by low exercise blood pressure, see table 2). Interestingly, it has been demonstrated in a clinical study that milrinone reduces plasma norepinephrine levels during exercise in patients with heart failure.42 Thus, the withdrawal of sympathetic activity elicited by milrinone may contribute to the improvement in perfusion of oxidative fibers within FOG and SO muscles.
Our results indicate that pharmacologic intervention with milrinone alters the pattern of blood flow distribution among and within working muscle. The elevated flow to white portions of muscles in the control group probably reflects increased functional shunt without improvement in oxygen availability within working muscle. Increased blood flow to oxidative fibers within muscles in the heart failure group along with a tendency to increased VO2max may indicate improved nutritional blood flow in part due to favorable blood flow redistribution within working muscle by withdrawal of sympathetic activity. In fact, improved VO2max after short-term administration of milrinone has been observed in patients with congestive heart failure,41' 42 supporting this contention. The overall inability of milrinone to significantly increase VO2max immediately in the present study (although it did so in the majority of infarcted animals) may be explained by intrinsic skeletal muscle abnormalities. Recent studies using nuclear magnetic resonance spectroscopy have suggested that the abnormal skeletal muscle metabolism accompanying heart failure is not simply due to reduced blood flow and that intrinsic muscle abnormalities may be present. 6 Skeletal muscle itself appears to be altered, as indicated by skeletal muscle taken at biopsy from patients with heart failure,43 in part due to deconditioning with reduction in oxidative capacity of working muscle.37 '44 In keeping with these findings, several investigators have shown that interventions that improve hemodynamics do not necessarily alter exercise capacity immediately, and that improved functional capacity is time dependent.45 Thus, changes in exercise capacity (and V02max) may be in part related to peripheral mechanisms.
Recent experimental and clinical studies3 4 suggest that reduced arterial driving pressure during exercise may contribute to muscle underperfusion in nonedematous heart failure,3 4 contrary to the widespread belief that neurohumoral factors and vascular stiffness ("increased vascular resistance") are involved. 1 46 In fact, arterial blood pressure during exercise was significantly lower in the heart failure group (as compared with the control group) in our study. This, in turn, may have evoked baroceptor-mediated regional vasoconstriction within skeletal muscle, thereby causing a significant redistribution of blood flow among and within skeletal muscle of the heart failure group. Thus, vasoconstrictor mechanisms may be 4"regionally" active within working muscle in heart failure, causing a distinctive muscular blood flow distribution, although systemic or total femoral vascular resistance is not increased. Failure of pharmacologic interventions such as a-adrenergic blockade and converting-enzyme inhibition to alter total femoral flow or metabolism immediately4'48 may not indicate that excessive sympathetic activation or angiotensin II do not contribute to the pattern of muscular blood flow distribution. As a matter of fact, total skeletal flow was not significantly altered by milrinone in the present study, although important effects of this pharmacologic intervention on skeletal muscle flow distribution occurred.
Limitations of the study. The quantitative composition and enzyme activities of skeletal muscle fiber types in man differ somewhat from the features observed in rodents,36 and therefore, the information obtained from the rat may not be directly applicable to humans. Nevertheless, skeletal muscle adaptations follow the same general pattern and have similar physiologic consequences in rodents and humans.36 Thus, the present detailed studies ofblood flow distribution in rats should provide clinically important insight regarding distribution and control of blood flow within skeletal muscle in patients with heart failure as well as information about how drugs may interfere in this setting.
In conclusion, the present study demonstrated a distinctive muscular blood flow distribution during exercise in experimental heart failure. It appears that skeletal muscle underperfusion emerges predominantly in oxidative working muscle fibers, and therefore early recruitment of glycolytic fibers may occur, leading to increased lactate levels in the early stages of exercise. Significant blood flow redistribution among and within working muscle can be present without changes in total femoral or total skeletal muscle blood flow. Pharmacologic intervention with milrinone alters the pattern of skeletal muscle blood flow distribution. In particular, milrinone improves flow to oxidative muscle fibers in rats with heart failure, which may indicate that it would increase nutritional flow and V02max after the prolonged therapy observed in clinical studies.
